a b s t r a c t
We examined behavioral features of isochronous repetitive movements in two macaques. The monkeys were required to press a button repetitively in response to external cues. If the cue-intervals were constant (isochronous) and sub-second, the reaction time was shorter than in random-interval condition. In contrast, in the supra-second isochronous conditions, the reaction time was not different from randominterval condition. The results suggest that the monkeys can acquire isochronous rhythms if the intervals are sub-second, probably depending on the automatic timing system. However, the conscious timing system for supra-second intervals is not well developed in monkeys, unlike humans.
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Our daily activities, such as speaking, playing music, and many kinds of sports, are rich in rhythmic movements. In order to behave smoothly, component movements should be organized in a specific temporal sequence, or a rhythm, and timed appropriately. Rhythms can emerge spontaneously during learning of motor sequences, even if it is not required (Sakai et al., 2004) . On the other hand, synchronization with external rhythmic cues is useful in performance and/or learning of movement sequences. For example, people find it easier to learn dance steps or play a musical instrument with a metronome sound or visual cues provided by a conductor. Especially, interactions between auditory and motor systems are important for execution of the rhythmic movements in humans (for review, see Zatorre et al., 2007) .
Numerous psychophysical and functional imaging studies have investigated motor timing mechanisms in humans using fingertapping tasks. Psychophysical studies (reviewed by Aschersleben, 2002) showed that humans can synchronize their tapping with rhythms as slow as 0.4-0.5 Hz (inter-stimulus interval: 2000-2500 ms). Lewis and Miall (2003) suggested that two different mechanisms of motor timing operate depending on the time scales: an automatic timing system for sub-second intervals, and more conscious timing system for supra-second intervals. * Corresponding author. Tel.: +81 0568 63 5559; fax: +81 0568 63 5559. E-mail addresses: konoike.naho.77s@st.kyoto-u.ac.jp (N. Konoike), mikami@chubu-gu.ac.jp (A. Mikami), miyachi.shigehiro.8e@kyoto-u.ac.jp (S. Miyachi).
Non-human primates also can perceive time duration and control the timing of discrete movements (Niki and Watanabe, 1979; Sakurai et al., 2004; Oshio et al., 2006; Leon and Shadlen, 2003; Genovesio et al., 2006; Mita et al., 2009; Yumoto et al., 2011) . However, until recently, it had been unknown whether if non-human primates can control continuous and repetitive movements like humans. Zarco et al. (2009) trained macaque monkeys to perform an isochronous repetitive button press task with sub-second interpress intervals, and showed that the characteristics of monkeys' performance were equivalent to those of human subjects. However, it is still unknown whether or not the monkeys' repetitive movements depend on the two distinct mechanisms for sub-second and supra-second time intervals that have been found in human subjects.
To address this issue, we trained two macaque monkeys (Macaca fuscata; monkey M, 7 years old, 9.5 kg; monkey S, 6 years old, 6.5 kg) to perform a task analogous to the synchronized tapping task, in which the monkeys were required to perform the repetitive button presses guided by isochronous rhythms of sub-second to supra-second range. All experiments were approved by the ethics committee of the Primate Research Institute of Kyoto University.
During the experiment, each monkey sat in a primate chair without head restriction. A panel equipped with a push button (20 mm × 30 mm) was placed vertically in front of the monkey (30 cm from the monkey's body). A hold-lever was installed below the push button at the monkey's waist level. The button could be illuminated with a green or red light-emitting diode (LED). Each trial of the task started when the monkey held the hold-lever for
